Recently, the inverse β-decay rate calculated with respect to uniformly accelerated observers (experiencing the Unruh thermal bath) was revisited. Concerns have been raised regarding the compatibility of inertial and accelerated observers' results when neutrino mixing is taken into account. Here, we show that these concerns are unfounded by discussing the properties of the Unruh thermal bath with mixing neutrinos and explicitly calculating the decay rates according to both sets of observers, confirming thus that they are in agreement. The Unruh effect is perfectly valid for mixing neutrinos.
I. INTRODUCTION
The Unruh effect, which states that uniformly accelerated observers with proper acceleration a perceives the Minkowski vacuum as a thermal state with temperature T U ≡ a/2π, was initially derived assuming free quantum fields [1] . Later, it was shown to be valid also for interacting ones [2] [3] [4] [5] . Surprisingly, perhaps, only recently the Unruh effect has been discussed in the context of mixing neutrinos, with disturbing conclusions being drawn. In Ref. [6] , it is claimed that the inverse β-decay rate for an accelerated proton as calculated with respect to inertial and uniformly accelerated observers (experiencing the Unruh thermal bath) would disagree with respect to each other when taking into account the existence of multiple families of mixing neutrinos. We claim that this is impossible because calculations of observables must necessarily yield the same answer regardless of the frame used in intermediate steps. Thus, either the Unruh effect is wrong (contradicting several previous results [7] , including what we consider to be a virtual observation of it [8] ) or some mistake was made in the previously mentioned analysis. The purpose of this paper is to discuss the Unruh thermal bath for mixing neutrino fields and also revisit the inverse β decay for accelerated protons with the aim to show that the Unruh effect is perfectly valid in this setting.
The paper is organized as follows. In Sec. II, we discuss the Unruh thermal bath for the case of mixing neutrinos with particular attention to when we can consider flavor particle states as legitimate quantum states and how this is reflected in measurements made involving the Unruh thermal bath. In Sec. III we set the stage for calculating the inverse β-decay rate for accelerated protons. Sec. IV concerns the calculation of the inverse β-decay rate from the inertial point of view. In Sec. V, we calculate independently the inverse β-decay rate from the point of view of uniformly accelerated observers and show that the result is in full agreement with the one previously obtained in Sec. IV. Our closing remarks appear in Sec. VI.
Throughout this work we use (+, −, −, −) signature for the Minkowski metric, η µν , and natural units, = c = k B = 1, unless stated otherwise. The same conventions as in Ref. [9] are followed for the Dirac matrices and normal modes.
II. THE UNRUH EFFECT FOR MIXING NEUTRINOS
In this section, we will analyze some properties of the Unruh thermal bath assuming the existence of mixing neutrino fieldsν i , i ∈ {1, 2, 3}, each with mass m i . For this purpose, let us begin by setting our notation and briefly reviewing some relevant features of the Unruh effect for fermionic fields.
A. The Unruh effect for fermionic fields
Consider a fermionic fieldψ with mass m satisfying Dirac's equation. Inertial observers following the orbits of the timelike Killing field ∂ t , where {t, x, y, z} are usual Cartesian coordinates covering Minkowski spacetime, expandψ in terms of positive-and negative-frequency modes (with respect to ∂ t ), u +ω k,σ and u
where
, and σ ∈ {+, −}. The modes u ±ω k,σ are given by
where k µ = (ω, k), x µ = (t, x, y, z), and
with γ µ = γ 0 , γ 1 , γ 2 , γ 3 being the Dirac matrices and
The modes are orthonormalized according to the inner product
where dΣ µ ≡ dΣ n µ , dΣ is the proper-volume element on the Cauchy surface Σ, n µ is a future-pointing unit vector field orthogonal to Σ, and ψ ≡ ψ † γ 0 . The fermionic annihilation and anti-fermionic creation operators,â k,σ
, respectively, satisfy the usual anti-commutation relations:
with all the other anti-commutators vanishing. We define the Minkowski vacuum state, |0 M , as the state annihilated by all annihilation operators, i.e.,
On the other hand, uniformly accelerating (Rindler) observers covering the right Rindler wedge portion of Minkowski spacetime, z > |t|, quantize the field using a different set of normal modes more appropriate to them. In order to describe this quantization, it is convenient to cover the right Rindler wedge with coordinates (v, x, y, u) in which case the line element is written as
where v ∈ (−∞, ∞) and u ∈ (0, ∞) are given by
Rindler observers, which are labeled by constant values of u, x, and y, expandψ (in the right Rindler wedge) in terms of positive-and negative-frequency modes (with respect to
where ̟ ∈ [0, ∞) stands for the Rindler frequency and 
where x ⊥ = (x, y) and
withĥ
, and a being the proper acceleration of fiducial observers labelled by u = 1/a, with respect to whom the quantization is performed. Rindler's fermionic annihilation,ĉ ̟, k ⊥ ,σ , and
, operators satisfy the anti-commutation relations:
with all the other anti-commutators vanishing. The Rindler vacuum is the state |0 R defined bŷ
By relating Minkowski and Rindler modes, Eqs. (2) and (13), respectively, in the usual manner via a Bogolubov transformation [10] , the Minkowski vacuum state, |0 M , as seen by Rindler observers restricted to the right Rindler wedge can be written aŝ
label particles (c) and anti-particles (d):
We see thatρ βU is a thermal state at inverse temperature β U = 2π/a, clearly showing the Unruh effect. Now, let us take our fermionic fieldψ to be one of the massive neutrino fieldsν i . (No mixing appear at this point because we are neither considering interactions nor flavor neutrinos yet.) Then, it follows directly from Eq. (19) that the mean flux of neutrinos with well-defined mass m i , energy ̟, transverse momentum k ⊥ , and spin σ, as seen by Rindler observers, is given bȳ
and τ = v/a is the proper time of fiducial Rindler observers (at u = 1/a). As expected, the result is proportional to the Fermi-Dirac factor n F (̟) and only depends on the Rindler energy ̟. In particular, there is no dependency on the neutrino mass. This does not mean, however, that detectors carried by a given Rindler observer and sensitive to neutrinos ν i with different masses m i , would respond in the same way to the Unruh thermal bath.
B. Fermionic particle detector
To illustrate this point, let us define a generalization of the Unruh-DeWitt detector which couples to the neutrino fieldν i through the interaction action
where λ is a (dimensional) constant, x µ D (τ ) is the detector's trajectory, and
withm 0 (τ ) being a monopole operator such that
Here,η andξ are arbitrary bi-spinors satisfying the normalization conditionsη †η =ξ †ξ = 1 and ∆E is the energy gap between the detector's excited, |e , and unexcited, |g , states. (In Appendix A, we analize the behavior of this detector in the simpler setting of an inertial thermal bath and highlight its nice features.)
The worldline of a uniformly accelerated detector with proper acceleration a in (v, x, y, u) coordinates is given by
For such a detector, the excitation rate, i.e., the excitation probability (with absorption of a Rindler neutrino with mass m i ) per detector proper time, when the field is in the Minkowski vacuum is
Using Eqs. (22), (25), and (27) in Eq. (26) yields
where the constant Λ 2 = |λ| 2 | e|m 0 (0)|g | 2 /2π 3 depends on the detector's specifics and we recall that
i . Note that the detector is only sensitive to particles with Rindler energy ̟ = ∆E.
The excitation rate should be proportional to the local neutrino density. We can confirm this by extending the scalar-field construction of the finite-volume particle number operator given in Ref. [11] (borrowed from quantum optics) to spinor fields. By making use of the inner product (5), we define the neutrino density operator in an infinitesimal volume around the detector aŝ
= ν
where ν 
Clearly, Eq. (28) is proportional to Eq. (31) when restricted to particles with ̟ = ∆E, confirming that the excitation rate is proportional to the local neutrino density. We also note from Eq. (28) that Rindler observers will have a harder time detecting more massive neutrinos since they concentrate closer to the horizon. This is in accordance with previous results obtained for the scalar field case [11, 12] .
C. On flavor neutrinos and the Unruh thermal bath
Let us consider now the properties of the Unruh thermal bath in terms of flavor neutrinos. It is possible to define phenomenologically flavor states |ν α ; k, σ and |ν α ; ̟, k ⊥ , σ for inertial and Rindler observers, respectively, in the realm of quantum field theory, where α ∈ {e, µ, τ } labels the leptonic flavor. Their usual form (see Eqs. (34) and (35) below) arise as a useful approximation, for instance, in the regime where the relevant momenta involved are much larger than the neutrinos masses. For more details, we address the reader to Refs. [13] [14] [15] [16] (see also the final paragraph of Sec. III). From the perspective of inertial observers, this regime is given by
as can be seen from Eq. (2). As for the Rindler observers, Eq. (13) shows us that this will be the case whenever we deal with neutrinos that have transverse momentum satisfying
Then, in the regime given by Eqs. (32) and (33), we define the flavor neutrino states as
where U α,i is the PMNS matrix [17] . In this high-momentum regime, we can take an uniformly accelerating detector and ask, for instance, what its excitation rate is for detecting an α-flavor neutrino from the Unruh thermal bath. From Eq. (35), we can see that the probability of a ν i neutrino reaching the detector to collapse as a ν α neutrino is |U α,i | 2 . As a result we find that dP exc,α dτ
where we have used the unitarity of the PMNS matrix in the last step. We can see from Eq. (36) that the predicted behavior of flavor neutrinos (when well-defined) is in no way deviant from what it would be expected from the thermality predicted by the Unruh effect.
We proceed now to evaluate the inverse β-decay rate for accelerated protons with neutrino mixing from the point of view of both inertial and accelerated observers and show that they agree. This illustrates how the Unruh effect is perfectly consistent with neutrino mixing.
III. SEMI-CLASSICAL INVERSE β DECAY WITH NEUTRINO MIXING
For the sake of our purposes, we adopt the same approach as [6, 18] , where the proton, |p , and neutron, |n , are seen as unexcited and excited states of a two-level system with the corresponding (proper) HamiltonianĤ satisfyingĤ
where m p(n) is the proton (neutron) mass. The protonneutron system is assumed to have a well-prescribed spacetime trajectory described by the semi-classical current:ĵ
where g = det(η µν ), u µ (τ ) is the four velocity of the linearly accelerated proton-neutron system with proper time τ , proper acceleration a = const, and x 0 (τ ) is its spatial trajectory. The monopole operatorq(τ ) is defined via the Hamiltonian bŷ
where the Fermi constant, G F , will be given by G F ≡ | n|q(0)|p |. The leptonic fields, in turn, will be treated as quantum fields. The effective weak interaction action considered here isŜ
, and we recall thatĵ µ is given by Eq. (39), α ∈ {e, µ, τ } labels the leptonic flavor,
andl α stand for all electrically charged leptonic fields, {e − , µ − , τ − }. We should view the neutrino fieldsν i with well defined mass as the fundamental ones with the PMNS matrix elements contributing to the interaction coupling constants between the mass neutrinos and other fields. Here,ν α stands only as a shorthand notation for the particular combination of massive neutrino fields given by Eq. (43). As mentioned previously in Sec. II, flavor states can only be defined phenomenologically. Attempts to canonically quantize theν α fields in terms of positive (and negative) frequency modes give annihilation (and creation) operators whose physical meaning is unclear [19] , precluding us from defining flavor particle states as resulting from the action of creation operators on a vacuum and constructing the associated Fock space [21] . For this reason, we focus only on states associated with theν i fields from now on.
IV. INERTIAL CALCULATION
The inverse β-decay process, as seen by Minkowski observers, can be generically cast in the form
The transition amplitude associated with Eq. (44) is
where the charged leptons l α and neutrinos ν i have quantum numbers σ α (i) ∈ {+, −} and
, andŜ I is given in Eq. (41). In usual inertial coordinates, x µ = (t, x, y, z), current (39) is written aŝ
where u µ = (az(τ ), 0, 0, at(τ )) with t(τ ) = a −1 sinh (aτ ) and z(τ ) = a −1 cosh (aτ ). The differential decay probability per momentum-
allowing us to define the decay rate per momentum-space volume as
where ∆τ is the total proper time along the trajectory of the proton-neutron system. Inserting Eqs. (41), (46),
where ∆m ≡ m n − m p , we have made an inverse boost in the z-direction [to factor out the proper time integral implicitly contained in Eq. (47)], and F (k
is an odd function of its arguments whose form is not important here since it will not contribute to the decay rate when integrated over dV k .
By integrating over momenta, we obtain the total decay rate
where k α(i) ≡ | k α(i) |. Now, by using the same complex integration procedure employed in Ref. [9] we can rewrite the expression above as a double integral over the complex plane, i.e.,
where C s and C t are integration contours containing all poles of the Γ functions both in the s and t planes. Although apparently unwieldy, this expression for the decay rate is convenient for our purposes of analytically confirming the equality between Eq. (51) and the analogous result obtained with respect to Rindler observers, to which we proceed now.
V. RINDLER CALCULATION
Uniformly accelerated observers see the single inverse β-decay process considered by inertial observers, Eq. (44), as a set of three processes, namely
i.e, protons lying at rest with the Rindler observers would decay into neutrons by the absorption (and possible emission) of leptons from (to) the Unruh thermal bath.
In the (v, x, y, u) coordinate system, current (39) is expressed asĵ
with u µ = (a, 0, 0, 0). To obtain the total decay rate, we must sum incoherently processes (1)-(3). Let us outline now the procedure to calculate the decay rate specifically for process (1), since processes (2) and (3) will be similar. Firstly, we calculate the interaction amplitude by using Eqs. (12) and (41),
where the neutrino ν i has quantum numbers (σ i , ̟ i , k i⊥ ) and the charged lepton has quantum numbers (σ α , ̟ α , k α⊥ ) and we recall thatḡ = g † γ 0 . We square it to obtain the differential probability of decay per Rindler momentum-space volume
is obtained by dividing the differential probability by the total proper time ∆τ , multiplying it by the relevant fermionic thermal factors, and integrating over dV k,R .
Following a similar recipe for processes (2) and (3) we can write the total interaction rate, according to Rindler observers, as
Now, following the reasoning of Ref. [9] we use Eqs. (6.412 ) and the definition of the Meijer G-function [Eq. (9.301)] of Ref. [23] , along with Eq. (5.6.66) of Ref. [24] to write the total interaction rate according to Rindler observers as
which can be seen to be exactly equal to Eq. (51), proving our assertion that two rates coincide.
VI. CONCLUSIONS
We have discussed the properties of the Unruh thermal bath for mixing neutrinos and in which conditions we can legitimately speak about flavor states. Also, we have shown through an explicit calculation the equality of the decay rates for the inverse β decay of protons as calculated by Minkowski and Rindler observers. This is not surprising, being the expected result from the general covariance of quantum field theory, but it explicitly demonstrates the importance of using the appropriate mode expansion (i.e., those that are eigenfunctions of an appropriate time-like isometry) for the neutrino fields, where all calculations are well-defined and it is completely meaningful to talk of particles. Finally, as previously stated, this also shows that there is no incompatibility between the Unruh effect and neutrino mixing, contrary to previous claims.
with a † k,σ and b † k,σ being the fermionic and antifermionic creation operators, respectively. By using Eq. (22) 
We see that the above excitation rate is, disregarding the phase-space volume factor, proportional to the mean number of particles with energy ∆E, as it should be. We also note that this detector satisfies the detailed balance condition, relating excitation and absorption rates [7] . Moreover, the excitation rate in this case is also proportional to the expectation value of the (inertial) neutrino density operator, constructed similarly as in Eq. (29), in the state (A1):
